tuberculosis H37Ra. Nitrate and nitrite were both utilized as sole sources of nitrogen by M. tuberculosis H37Rv. The saprophytes and drug-resistant strains of tubercle bacilli failed to reduce nitrate after having been cultured repeatedly and stored in Kirchner medium. It was necessary to add molybdenum to Kirchner medium for continued nitrate reduction by the saprophytic mycobacteria, but not for Al. tuberculosis. Nitrate reductase of Ml. tuberculosis was inhibited by tungstate; the inhibition was reversed by molybdate at a concentration of 1:10,000. Optimal conditions for the reduction of nitrate by washed whole cells and by a particulate sonictreated extract of M. tuberculosis were studied.
Reduced diphosphopyridine nucleotide was required for reduction of nitrate by the cell extract. Nitrate reduction was inhibited by isoniazid but not by p-aminosalicylic acid or streptomycin.
The literature contains relatively few studies of the utilization of nitrate by mycobacteria. Braun, Stamatelakis, and Kondo (1924) a nitrogen source. Edson (1951) found that nitrate could replace ammoium ion as a source of nitrogen for M. smegmatis. That nitrate can not be utilized as a nitrogen source by M. tuberculosis has been reported by several investigators (Kuhne, 1894; Proskauer and Beck, 1894; Drea and Andrejew, 1953 ). An extensive study of nitrate reduction by mycobacteria has been recently reported by Virtanen (1960) . All of the mycobacteria investigated reduced nitrate to nitrite, although quantitative differences were observed. None of the mycobacteria reduced nitrite when cell suspensions of the organisms were examined in buffer solutions. The latter findings are not in agreement with those of DeTurk and Bernheim (1958) , who reported that nitrite as well as nitrate and hydroxylamine were assimilated by washed suspensions of the BCG strain of M. botis.
The present paper reports a study of the reduction and utilization of nitrate by growing cultures of mycobacteria. The reduction of nitrate by whole cells and by a particulate sonic-treated cell extract of Al. tuberculosis has been examined. Preliminary portions of this work have been presented previously (Hedgecock and Costello, 1959; 1960) .
MATERIALS AND METHODS
Cultures and cultural methods. The H37Rv and H37Ra strains of M. tuberculosis were furnished by William Steenken, Jr., Trudeau Laboratories. A1l. smegmatis 607 and an unidentified strain designated herein as SLU, AI. butyricum (Bergey et al., 1923) For use as inocula, M. tuberculosis was cultured for 9 to 12 days in Kirchner-Tween 80 medium at 37 C; the saprophytic mycobacteria were incubated for 3 to 6 days. The organisms were then washed twice by centrifugation and resuspended in Kirchner medium. The optical density was adjusted to 0.004. A 0.1-ml sample of each suspension was used to inoculate 2 ml of medium. The cultures were routinely incubated for 18 to 21 days at 37 C. Growth was measured turbidimetrically in a Rouy photometer at 640 m,u.
In studies of the utilization of nitrate as a sole source of nitrogen, a modified Kirchner medium was prepared from which asparagine was omitted and ferric ammonium citrate was replaced by ferric phosphate (0.01 %). To each liter of medium were added 100 ,ug of molybdenum as sodium molybdate and 75 Ag of manganese as manganese sulfate. After 1% potassium nitrate had been added to the above medium, it was deposited in 4-ml amounts in 25-ml Erlenmeyer flasks. The inoculum consisted of 0.05 ml of a washed suspension of organisms having a transmittance of 95 %. The inoculated flasks were incubated at 37 C with gentle agitation for 3 days in the case of the saprophytes and 5 days for H37Ra. After the cultures had been adjusted to an acidic pH by means of hydrochloric acid, the cells from each flask were then collected on tared Whatman no. 542 filter paper supported on the lower portion of a two-piece metal Biuchner funnel fitted into a filter flask. The cells and filter paper were then weighed after drying at 100 C for 24 hr. The nitrogen in the cells was calculated on the basis of 7% of the dry weight (Bance, 1942) . The culture filtrate was collected in a test tube and subsequently made up to an appropriate volume for determination of nitrate, nitrite, ammonia, and hydroxylamine.
To obtain large numbers of organisms for studies of resting-cell suspensions, 4-liter Erlenmeyer flasks containing 300 ml of KirchnerTween 80 medium were inoculated with Ml. tuberculosis and cultured for 9 to 12 days at 37 C.
The cultures were then transferred carefully to the hood, after which a large portion of the medium was decanted allowing the organisms to remain at the bottom of the flask. The cells and remaining medium were then transferred to screw-cap test tubes (150 by 25 mm) and centrifuged at 1,800 X g at 6 C for 30 min. The organisms were washed in Kirchner medium, after which the packed cells were stored in the refrigerator at 6 C. The nitrate-reducing activity of the cells was retained for at least 1 month under these conditions. Tests of nitrate reduction, using washed cells, were performed in 25-ml Erlenmeyer flasks incubated in a Dubnoff shaker for 2 to 3 hr.
Preparation of cell-free extract. Washed cells (60 to 70 mg, dry wt) of M. tuberculosis H37Rv were suspended in 5 ml of 0.85% sodium chloride containing 0.05% Tween 80, and were then exposed for 15 min to sonic disintegration in a Raytheon 9-kc magnetostrictive oscillator, model S-162A. The temperature of the cells was maintained below 20 C during the treatment. The sonic-treated suspension was then transferred to a test tube and centrifuged at 6,000 X g for 30 min at 10 C to remove unbroken cells and cellular debris. The supernatant fluid was then centrifuged at 24,000 X g for 30 min. The resulting supernatant fluid was discarded, since the pellet which resulted from centrifugation at 100,000 X g was inactive with respect to reduction of nitrate. The pellet which resulted from centrifugation at 24,000 X g was resuspended in 6 ml of 0.85% sodium chloride solution for use in the experiments. A new enzyme preparation was used for each daily experiment. All studies involving the particulate cell-free extract were performed in Thunberg tubes from which the air had been evacuated and replaced with nitrogen.
Colorimetry. Nitrite was determined by the a-naphthylamine sulfanilic acid method (Ameri-can Public Health Association, 1955) . Nitrate was determined by a modification of the phenoldisulfonic acid method of Donald and Nason (1957) . Since, in this procedure, the preliminary step of drying of a sample of the culture produced variable results, the procedure was modified in that 1 ml of the phenoldisulfonic acid reagent was added directly to 0.2 ml of a 1:5 dilution of the culture, after which the mixture was held at 45 C for 10 min. Water (10 ml) was then added, followed after cooling by 10 ml of ammonium hydroxide. The resultant color was measured at 420 mA in a Rouy photometer.
Hydroxylamine was estimated by the method of Endres and Kaufmann (1937) . Ammonia was estimated by direct nesslerization. Protein was determined by the method of Lowry et al. (1951) .
RESULTS
In initial experiments, M. smegmatis, M. butyricum, M. phlei, and five wild strains of M. tuberculosis were cultured for 18 days in Kirchner medium to which 0.1 % potassium nitrate had been added. Uninoculated tubes of medium which had been incubated with the cultures were utilized as controls. Estimation of the nitrite and nitrate in the cultures at the end of the incubation period indicated that the five wild strains of tubercle bacilli had reduced from 7.5 to 13% and the saprophytic mycobacteria from 12.5 to 28% of nitrate to nitrite; 97 to 100% of the nitrate which had been added to the medium was accounted for in terms of nitrite and the remaining nitrate.
A determination was then made of the extent of reduction of nitrate after growth of M. tuberculosis H37Rv for 12 days in Kirchner medium adjusted to pH values of 6.2, 6.8, 7.1, 7.4, and 7.7. The effect of the addition of potassium nitrate to the medium in concentrations of 0.1, 0.2, 0.5, 1, 2, and 5% was determined at each pH level. Measurements were also made of growth of the organism. Maximal growth of ll. tuberculosis in Kirchner-Tween 80 medium occurred at pH 6.2. Reduced amounts of growth occurred as the pH was increased to pH 7.7. Addition of nitrate to the medium retarded growth, and essentially complete inhibition occurred at a concentration of 5 % potassium nitrate.
When the concentration of potassium nitrate in the medium equalled 0.1, 0.2, 0.5, or 1%, the amount of nitrite formed in the cultures increased with the pH of the medium until a maximum at pH 7.4 was reached. Markedly reduced amounts of nitrite were produced at higher pH levels; however, this lower level of nitrite production was associated with reduced growth. At levels of 2 and 5 %, maximal reduction of nitrate occurred at pH 6.8.
Stability of nitrate reductase. It was observed that nitrate reductase was constantly present in normal strains of M. tuberculosis, regardless of the cultural conditions. However, in the case of drug-resistant and the saprophytic mycobacteria, nitrate reductase was maintained only when the organisms were cultured and stored on Lowenstein or other complex media. Thus, 31. smegmatis, strains 607 and SLU, M. butyricum, and M. phlei were cultured on Lowenstein medium and stored at 5 C; 2 months later, transfers of the organisms were made in Kirchner medium and, after growth, were again stored at 5 C. After an additional 2-month period, transfers were made to Kirchner medium containing 0.1 % potassium nitrate from the stock cultures which had been stored in Kirchner-Tween 80-albumin medium, as well as from the stock cultures on Lowenstein medium. After growth, the amount of nitrite in each of the cultures was determined. It was found that all of the cultures which had been subcultured from Lowenstein medium reduced nitrate actively, whereas none of the cultures which had been subcultured from Kirchner medium produced measurable amounts of nitrite. The latter organisms were then cultured on Herrold medium to which 2% human plasma and 0.1% potassium nitrate had been added. Examination of the cultures showed that the organisms had produced significant amounts of nitrite. During the study of the stability of nitrate reductase, the presence of a characteristic pink color was noted in cultures of M. tuberculosis grown on Lowenstein medium to which 0.1 % potassium nitrate had been added; however, no further studies were made of the pigment.
Relation of molybdenum to reduction of nitrate. Since the drug-resistant strains of M. tuberculosis and the saprophytic mycobacteria lost the ability to reduce nitrate when cultured repeatedly in Kirchner medium and regained this ability when cultured in complex egg media, it was postulated that formation or activity of the required enzyme was dependent upon a factor present in the egg media but absent in Kirchner medium. Accordingly, a number of vitamins, amino acids, purines. and pyrimidines, as well as a tryptic digest of casein, were added separately and collectively to Kirchner-nitrate medium. The media were then inoculated with strains of the saprophytic mycobacteria which did not reduce nitrate in unaltered Kirchner-nitrate medium. Upon examination of the cultures after growth, it was found that only the addition of a tryptic digest of casein to Kirchner-nitrate medium resulted in the reduction of nitrate by all of the saprophytes. It was determined in subsequent experiments that the ash of the casein digest contained the active factor. In view of these results, a series of trace elements (Al, Ba, B, Co, Mo, W, Se, Ti, F, V, Mn, Cr, Ca, Zn, Cu) was added (as their salts) separately to Kirchner-nitrate medium in a concentration of 5 Ag/ml. Examination of the incubated cultures revealed that nitrate was reduced only in the medium which contained added molybdate. A determination was then made of the amount of molybdate required for maximal reduction of nitrate by molybdate-depleted strains of M. smegmatis, strains 607 and SLU, M. butyricum, and M. phlei. The optimal amount of molybdenum required for reduction of nitrate by these microorganisms ranged from 0.03 to 0.06 mg/ml (Fig. 1) . Growth of the microorganisms was unaffected by this amount of molybdate.
Ten drug-resistant strains of M. tuberculosis which did not reduce nitrate were cultured in Kirchner-nitrate medium containing concentrations of added molybdate ranging from 0.001 to 1 gg/ml. None of the organisms reduced nitrate to nitrite during growth.
Since It was of interest to determine whether, in a medium containing both nitrate-nitrogen and ammonia-nitrogen, the latter would be preferentially utilized by the mycobacteria. Therefore, modified Kirchner medium was prepared, to which 1% potassium nitrate and 0.175% ammonium sulfate were added. The medium was dispensed into flasks, inoculated, incubated, and analyzed as described previously. The nitrogen Inc. ) was also added to the medium. The H37Rv strain of Mll. tuberculosis used in the study had been cultured and transferred at 14-day intervals for 6 weeks in modified Kirchner medium to which ammonium sulfate and Triton had been added; 0.05 ml of a twice-washed 7-day culture, adjusted to a transmittance of 75%, was used as the inoculum for each 2 ml of the nitrite-containing medium. Growth of M. tuberculosis was measured at intervals during incubation at 37 C for 18 days. There was a progressive increase in growth of the organism as the concentration of nitrite-nitrogen was raised to 5 Atg/ml (Fig. 3) . To correlate growth of Ml. tuberculosis H37Rv in the above medium with a decrease in the concentration of nitrite, the organism was inoculated into modified Kirchner medium containing 5 ,ug of nitrite-nitrogen per ml as the sole source of nitrogen. Measurements of the turbidity of the cultures and also of the amount of nitrite remaining in the medium were made at intervals for a period of 20 days. The concentration of nitrite in the medium decreased progressively with growth of M. tuberculosis (Fig. 4) When glucose served as the hydrogen donor, reduction of nitrate occurred over an extremely wide range of hydrogen-ion concentrations, with an optimum at pH 9 to 9.2. Optimal reduction of nitrate occurred at pH 6.1 to 6.3 when formate was utilized as the hydrogen donor. Omission of Tween 80 from the reaction mixture did not alter the pH curve. The optimal temperature for nitrate-reduction was 37 C. Reduction of nitrate increased rapidly with an increase in the concentration of the substrate until the optimum was reached at a concentration of 1.5 mmoles of potassium nitrate per 10 ml of volume. Nitrate reduction increased rapidly as the concentration of glucose was increased to 100 ,umoles, with a slower increase at higher concentrations. When the components of the reaction mixture were present in optimal amounts, the rate at which nitrate was reduced was directly proportional to the cellular concentration of M. tuberculosis. Reduction of nitrate by a particulate sonic-treated extract of Ml. tuberculosis. To characterize further the nitrate reductase of M. tuberculosis H37Rv, a particulate cell-free preparation of this enzyme was examined. In initial studies, it was found that the conditions suitable for the reduction of nitrate by whole cells were not suitable for reduction of nitrate by the sonic extract. With the addition of reduced diphosphopyridine nucleotide (DPNH) to the system, and an adjustment in the pH and in concentrations of hydrogen donor and substrate, a significant amount of nitrate was reduced to nitrite by the enzyme preparation. The effect of alteration in certain components of the reaction mixture are shown in Fig. 6 . Enzyme activity increased rapidly as the pH was increased from pH 3 to an optimum at 4.5. The enzyme displayed reduced activity at higher pH values and was inactive at pH 9. DPNH was found to be an absolute requirement for the system; maximal activity of the enzyme was attained at a concentration of 0.15 mmole per 3 ml of volume. Enzyme activity declined to near zero when the concentration of DPNH was increased to 1.5 or decreased to 0.015 umole per reaction volume. Reduced triphosphopyridine nucleotide (TPNH) could not be substituted for DPNH, and flavin adenine dinucleotide did not enhance enzyme activity in the presence of DPNH. (Fig. 7) . Nitrate reductase activity of whole cells was reduced 50% by approximately 1 ,umole of INH per 3 ml of reaction volume. INH effected 50% inhibition of the cell-free enzyme at a level of 3 ,umoles per ml of volume. The addition of 0.3 Amole of "activated" molybdate (Mahler and Glenn, 1956) to the whole cells, prior to addition to the reaction mixture (3 ml The dependence of the saprophytic mycobacteria upon molybdenum for reduction of nitrate suggests that a molybdenum enzyme may be involved in reduction of nitrate by these microorganisms. It has been shown that molybdenum is the metal component of nitrate reductase in Neurospora (Nicholas and Nason, 1954) and in soy bean leaves . There is evidence that molybdenum is also the metal component of nitrate reductase in Aspergillis niger (Higgins, Richert, and Westerfield, 1956) , in Escherichia coli (Nicholas and Nason, 1955) , and in Azotobacter tinelandii (Takahasi and Nason, 1957) .
Although a dependence upon molybdate for reduction of nitrate was not established in M. tuberculosis H37Rv, the existence of such a relationship was suggested by the finding that added tungstate inhibited the reduction of nitrate in growing cultures of this organism. Furthermore, the tungstate inhibition was reversed by molybdate at a concentration of 1 :10,000. Since concentrations of tungstate up to 5 ,ug per ml did not affect nitrate reduction, calculations from the antagonist-metabolite ratio would indicate that the medium may have contained approximately 0.5 to 1 ,ug of molybdenum per liter and that this amount was adequate for maintenance of nitrate reduction in M. tuberculosis. With respect to the tungstatemolybdate relationship, it has been shown that tungstate is a competitive inhibitor of molybdate in Aspergillis niger when nitrate is the nitrogen source for growth (Higgins et al., 1956) , as well as in nitrate assimilation and nitrogen fixation by Azotobacter tinelandii (Takahasi and Nason, 1957) .
The behavior of the drug-resistant tubercle bacilli with respect to stability of nitrate reductase resembles that of the saprophytic mycobacteria more closely than that of normal drug- (Lenhoff, Nicholas, and Kaplan, 1956) .
The nitrate reductase of M. tuberculosis appears similar to that of E. coli and certain species of Rhizobium, in that their enzymes catalyze the reduction of nitrate to nitrite by DPNH but not by TPNH (Evans, 1954; Nicholas and Nason, 1955) . Nitrate reductase from Neurospora and other fungi catalyze the reduction of nitrate by TPNH but not by DPNH Nicholas and Nason, 1954; Morton, 1956) . A nitrate reductase characterized from soybean leaves can utilize either DPNH or TPNH .
Although reduction of nitrate by M. tuberculosis was inhibited by INH, the relatively large amount required would appear to preclude the possibility that this inhibition might play a part in the activity of the drug in vivo. The partial reversal of INH inhibition of nitrate reduction which followed the addition of increased amounts of molybdenum to the reaction mixture may indicate that inhibition resulted from binding of the metal by INH (Weinberg, 1957) .
The pink color observed in cultures of M. tuberculosis H37Rv grown on nitrate-containing Lowenstein medium is probably similar to that observed by other investigators in denitrifying bacteria maintained under similar cultural conditions (Sacks, 1948; Allen and van Niel, 1952) . Studies of the latter organisms have suggested that the pink color is due to the presence of a "cytochrome c" type of pigment which may be an intermediate electron carrier in the process of nitrate reduction (Verhoeven and Takeda, 1956 ).
